Introduction
The physical properties and growth mechanism of amorphous Si (a-Si) on SiO 2 have been widely investigated in order to control crystal quality for fabrication of high-performance thin-film transistors [1] . A melt-grown process such as laser annealing does not ensure sufficient reliability, due to the energy fluctuation of laser power during crystal growth. In addition, a high-temperature process such as chemical vapor deposition has a disadvantage, because only expensive quartz substrates are applicable. Therefore, a low-temperature growth technique such as solid-phase crystallization (SPC) is strongly required.
The SPC process of a-Si on SiO 2 can be characterized by two different kinds of activation energies, i.e. 3.7 eV for nucleation and 2.7 eV for nuclei growth [2, 3] . Due to the large activation energy of 3.7 eV, a practical technique for nucleation at a low temperature has not been established so far. Our main idea to solve this problem is the utilization of ion-beam irradiation during SPC, in order to weaken the Si-Si bond and to enhance the nucleation. This paper reports our findings concerning the significant decrease in annealing temperature for crystal nucleation.
Experiments
In the experiment, a-Si layers (50 nm thick) were deposited on SiO 2 films by using a solid-source MBE system (base pressure: 5x10 -11 Torr). The samples were annealed (20 min) with or without Ar + irradiation (25 keV, 1x10 16 cm -2 ) in a vacuum. During irradiation, the sample temperature was monitored by a thermocouple. After annealing, the crystallinity of the deposited a-Si layers was analyzed by using the spectroscopic ellipsometry in the energy range of 2.0-5.0 eV and the glancing incidence X-ray diffraction (GIXRD) method. All measurements were performed at room temperature.
Results and Discussion
The imaginary part (k) of refractive index of deposited a-Si on SiO 2 was measured as a function of annealing temperature. The spectra for samples annealed without and with Ar + irradiation are shown in Figs. 1 (a) and 1(b), respectively. As a reference, the spectra for as-deposited a-Si on SiO 2 and epitaxially grown crystalline Si (c-Si) on Si substrate are also shown.
In Fig. 1(a) , the spectra do not change drastically even when annealing temperature increases up to 700 . This is because energy necessary for nucleation in a-Si is too large to cause random crystallization at such a low temperature. When ion irradiation was combined with heating, the shape of the spectra changed from broad to sharp with increasing annealing temperature, as shown in Fig. 1 (b) . After annealing at 700 , the interband transition E 2 (4.3 eV) is clearly observed. This is a sign of SPC of a-Si on SiO 2 .
To quantify the SPC, the crystallinity C (normalized to 0% for a-Si, 100% for c-Si) was evaluated by using the dispersion analysis of the attenuation constant for the E 2 transition [4] . The result is summarized in Fig. 2 . It is found that SPC hardly occurred for samples heated-only. However, when ion irradiation was combined, crystallization occurred after an incubation stage ( 300 ). It is interesting that C decreases slightly in this stage, which might be attributed to the densification of a-Si caused by rearrangement of the Si-Si bond. With the increase of annealing temperature over 400 , C increases drastically. Thus, the critical temperature for nucleation is estimated as 400 , which is extremely lower than that obtained for samples heated-only (700 ). After annealing at 700 , C reaches to 50% for samples with ion irradiation.
These results indicate that ion irradiation is very effective to stimulate SPC. Generation of point defects by Ar + irradiation is considered to decrease the energy necessary for the rearrangement of the Si-Si bond, which enhances the nucleation and nuclei growth at a low temperature. In this way, nucleation at a temperature lower than that of the softening of soda-lime glass (450 ) becomes possible.
In order to study the recrystallized state of the deposited a-Si in detail, the GIXRD measurements were carried out. The result is shown in Fig.3 . No peak was detected from the samples annealed without ion irradiation. On the other hand, (111) and (220) peaks were observed from the samples annealed with Ar + irradiation. These results confirm that the SPC of a-Si on SiO 2 was enhanced by the ion irradiation.
Conclusion
The SPC of a-Si layers was investigated from the viewpoint of ion-irradiation-stimulated crystal nucleation. The annealing temperature required for beginning the crystallization significantly decreased with the assistance of Ar + irradiation, i.e., 400 and 700 for with and without irradiation, respectively. This new method for crystal nucleation will be a powerful tool to fabricate high-quality and low-cost thin-film transistors on glass substrates.
